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ABSTRACT: Colloidal quantum dots (QDs) have attracted considerable attention as promising materials for solutionprocessable electronic and optoelectronic devices. Copper indium selenium sulfide (CuInSe x S 2−x or CISeS) QDs are particularly attractive as an environmentally benign alternative to the much more extensively studied QDs containing toxic metals such as Cd and Pb. Carrier transport properties of CISeS-QD films, however, are still poorly understood. Here, we aim to elucidate the factors that control charge conductance in CISeS QD solids and, based on this knowledge, develop practical approaches for controlling the polarity of charge transport and carrier mobilities. To this end, we incorporate CISeS QDs into field-effect transistors (FETs) and perform detailed characterization of these devices as a function of the Se/(Se+S) ratio, surface treatment, thermal annealing, and the identity of source and drain electrodes. We observe that as-synthesized CuInSe x S 2−x QDs exhibit degenerate p-type transport, likely due to metal vacancies and Cu In '' anti-site defects (Cu 1+ on an In 3+ site) that act as acceptor states. Moderate-temperature annealing of the films in the presence of indium source and drain electrodes leads to switching of the transport polarity to nondegenerate n-type, which can be attributed to the formation of In-related defects such as In Cu •• (an In 3+ cation on a Cu 1+ site) or In i ••• (interstitial In 3+ ) acting as donors. We observe that the carrier mobilities increase dramatically (by 3 orders of magnitude) with increasing Se/(Se+S) ratio in both n-and p-type devices. To explain this observation, we propose a two-state conductance model, which invokes a highmobility intrinsic band-edge state and a low-mobility defect-related intragap state. These states are thermally coupled, and their relative occupancies depend on both QD composition and temperature. Our observations suggest that the increase in the relative fraction of Se moves conduction-and valence band edges closer to low-mobility intragap levels. This results in increased relative occupancy of the intrinsic band-edge states and a corresponding growth of the measured mobility. Further improvement in charge-transport characteristics of the CISeS QD samples as well as their stability is obtained by infilling the QD films with amorphous Al 2 O 3 using atomic layer deposition. KEYWORDS: CuInSe x S 2−x quantum dots, field-effect transistor, charge-carrier transport, charge-carrier mobility, n-and p-type, atomic layer deposition C olloidal quantum dots (QDs) have been used to demonstrate the viability of various QD-based electronic devices such as field-effect transistors (FETs), 1−3 complementary metal-oxide-semiconductor (CMOS) inverters, 4 logic gates, 5 and wearable electronics. 6 One potentially beneficial distinction of QDs from traditional bulk semiconductors is their amenability toward solution-based processing such as spin coating, 2, 6 inkjet printing, 7 and doctor blading, 8 which could enable low-cost, highly flexible (e.g., bendable or foldable) and disposable electronics. The realization of such devices is further simplified by the availability of demonstrated procedures for tuning both transport polarity and carrier mobility via relatively simple and noninvasive postpreparation chemical treatments.
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The majority of published charge-transport studies of QD solids have focused on CdE and PbE QDs (most often, E is S or Se). Due to well-developed methodologies for synthesis and assembly of these materials, they are ideally suited for gaining fundamental insights into mechanisms for charge conductance in QD-based mesoscale solids. However, the presence of highly toxic heavy metals (Pb or Cd) limits their practical utility in prospective real-life electronic devices. Copper indium selenium sulfide (CuInSe x S 2−x ; abbreviated here as CISeS) QDs represent an environmentally benign alternative to Pb-and Cd-based QD materials. 17−22 The available literature studies indicate the feasibility of realizing both p-and n-type transport polarities in films of CISeS QDs with fairly high mobilities for both electrons and holes (up to ∼0.02 cm 2 V −1 s −1 ) 19, 21 and even ambipolar conductance. 19 These initial observations suggest the considerable potential of these QDs as electronic materials. However, fully exploiting this potential requires a much deeper understanding of their charge-transport properties.
An important distinction of CISeS QDs from PbE and CdE QDs is the presence of two cations and two anions, which makes them prone to a variety of defects that do not occur in binary materials. These defects can affect charge transport by both creating intragap traps and acting as electronic dopants. 24 If properly controlled, the abundance of these native defects can allow for manipulating doping levels and transport polarity. This method of defect control can potentially complement or even replace more traditional approaches involving incorporation of impurities 25−27 and various types of surface treatments. 1, 3, 8, 14 It can also allow for the realization of designated transport channels involving engineered defect bands. 28, 29 Here, we investigate carrier transport in films of CISeS QDs with a varied Se/(Se+S) ratio (f Se = x/2) incorporated into FETs as a conducting channel. We observe that as-prepared QDs exhibit a p-type behavior, while moderate-temperature annealing in the presence of indium imparts n-type transport characteristics. Furthermore, we find that increasing f Se leads to improved carrier mobilities in both n-and p-type QD films and explain this result using a two-state conductance model, in which charge carriers are transported within a QD solid through a highmobility band formed by intrinsic band-edge states and a lowmobility band created by intragap defects. The f Se -dependent mobility is a result of the f Se -dependent energy spacing between the high-and low-mobility bands, which controls the thermal distribution of carriers between them. In addition, we demonstrate that carrier mobilities, the contrast between the ON and OFF currents, and the air stability of CISeS QD-FETs can be improved by infilling QD films with amorphous Al 2 O 3 via atomic layer deposition (ALD).
RESULTS AND DISCUSSION
QD Samples and Optical Spectroscopic Studies. We synthesize CISeS QDs with f Se from 0−0.8 following a previously described procedure. 21 According to transmission electron microscopy (TEM) studies (Figures 1a and S1 ), the QDs have a tetrahedral shape, as previously observed. 17, 21, 30 Based on X-ray diffraction (XRD) measurements ( Figure S2 ), the prepared QDs exhibit a chalcopyrite crystal structure, with the diffraction peaks shifting toward lower angles with increasing Figure S1 ). As is typical for CISeS QDs, absorption spectra of the synthesized samples do not exhibit a sharp band-edge peak but instead show a smooth step (blue lines in Figure 1b) . Therefore, to determine the QD band gap (E g ), we apply transientabsorption (TA) spectroscopy and use the position of the lowest-energy (band-edge), early time bleach (dotted green lines in Figure 1b ; the pump−probe delay is ∼1 ps) as a measure of E g . 31 This yields the band gap of 1.80 to 1.34 eV for f Se changing from 0 to 0.8. Consistent with previous observations, the observed photoluminescence (PL) (red lines in Figure 1b ) is characterized by a broad spectral profile (∼250 meV full width at half-maximum, fwhm) 32, 33 and exhibits a large Stokes shift (Δ S ) of ∼300 to 500 meV versus E g . As f Se increases from 0 to 0.8, the PL peak shifts from 1.3 to 1.0 eV.
In literature, the large PL Stokes shift in CISeS QDs has been explained several ways, including invoking the peculiar electronic structure of chalcopyrite nanocrystals, which features low-oscillator-strength band-edge states, 34 exciton self-localization, 35 and, finally, the involvement of an emissive intragap hole-like state associated with a Cu-related native defect. 23, 24, 36 According to a recently refined Cu-defect model, altering the QD stoichiometry and thereby the amount of Cu 2+ versus Cu 1+ defects impacts the dominant emission mechanism. 33 Specifically, in stoichiometric QDs (i.e., Cu/In = 1), where the prevailing defect is an antisite In Cu −Cu In pair, the copper ion is in the Cu 1+ state with a fully occupied d-shell (d 10 ). To become PL-active, it must first trap a valence-band (VB) hole, and only after that, it can capture a conduction-band (CB) electron via a radiative transition. However, Cu-deficient QDs (Cu/In < 1) are characterized by a large abundance of Cu 2+ defects created as a means of charge compensation for copper vacancies. Because the d 9 Cu 2+ ion can be considered to have a hole in its d-shell prior to excitation, such defects are immediately emission-ready and can participate in radiative recombination without capturing a VB hole. An important element of this model, though, is that the photogenerated hole must be promptly removed from the VB state (due, e.g., to trapping at V Cu ′); otherwise, the QD emission would have been dominated not by the intragap Cudefect-related emission but much faster intrinsic band-to-band radiative recombination. 33 Because the samples we study here are only slightly Cu-deficient, both of these pathways are viable. Accordingly, we simplify our schematic representation of the emission mechanism in Figure 1c by labeling the Cu-related emissive defect as Cu* (where the asterisk can be either 1+ or 2+).
Cyclic Voltammetry Measurements. To quantify absolute energies of electronic states in synthesized QDs, we conduct cyclic voltammetry (CV) measurements (see the Methods section for experimental details). Figure 2a shows an example of CV traces taken for the QD sample with f Se = 0.8, which exhibits the highest p-type carrier mobility, as detailed later in this work. Additional CV measurements for samples with varied f Se are shown in Figure S3a . Following the methodology of previous CV studies of QDs, 33, 37, 38 we determine energies of redox-active states from onset potentials of observed CV waves inferred from extrapolations of linear fits (red dotted lines in Figure 2a ). For a forward scan, when the electrochemical potential (V EC ) is swept to progressively more oxidative values, we detect two distinct oxidation waves. Based on our previous analysis, 33,37 the first wave (+0.13 V versus Ag/Ag + ) can be ascribed to the Cu* defect (E Cu* ) and the second wave (+0.57 V versus Ag/Ag + ) to the VB edge (E VB ). In principle, we should be able to determine the CBedge position (E CB ) in a similar manner from the reverse scan. However, as shown in Figure S3b , the parasitic background current from the electrolyte observed at large reductive potentials masks QD-related features. Therefore, we find the CB energy from the sum of the measured VB-edge energy and In Figure 2b , we present a summary of CV and optical measurements of energies of the redox-active intragap state (presumably a Cu* defect) and the VB and CB edges for samples with different Se fractions plotted as a function of f Se . The energies are shown versus both vacuum (left vertical axis) and the Ag/Ag + potential (right vertical axis). We observe that increasing f Se leads to a drop in E CB (blue solid circles), which is accompanied by an increase in E VB (green solid squares). The energy of the intragap state is determined from both CV measurements (purple open diamonds) and the Stokes shift of the PL band (red open squares). 33 The two data sets are in excellent agreement and indicate that E Cu* is nearly independent of f Se . Furthermore, the absolute value of E Cu* (ca. −5.22 V versus vacuum; average of the PL and CV measurements) is consistent with the Cu 1+/2+ redox potential, 39−41 confirming the assignment of the intragap state to the Cu-related defect. 33 Charge-Transport Studies. To investigate charge-transport characteristics of CISeS QD films, we incorporate them into FETs fabricated on heavily doped p-type silicon wafers with a thermally grown silicon oxide (300 nm thickness) using a bottom-gate, bottom-source/drain contact configuration (Figure 3a) . Source and drain electrodes are applied to the wafer surface via thermal evaporation, and colloidal QDs are deposited onto the prepatterned substrate by spin-coating. The typical thickness of the QD layer is ∼100 nm. In some cases (as specified below), long native oleylamine and DDT ligands are replaced with shorter molecules such as 1,2-ethandithiol (EDT) by solution treatment after deposition. Additionally, for some of the measurements, the FET films have undergone thermal annealing according to protocols described later in this work.
Representative output curves (source-drain current, I DS , versus source-drain voltage, V DS ) of FETs fabricated with gold contacts and QDs with f Se = 0.8 without ligand exchange are presented in Figure 3b . Despite a large average interparticle distance defined by long native ligands (Figure 1a) , the QD films show fairly good p-type conductance that is well modulated by gate voltage (V GS ). Based on the measured I DS −V DS characteristics, we obtain that the hole mobility in the linear regime 2 
. These results are distinct from previously studied FETs based on PbE and CdE QDs, wherein the films of as-deposited QDs are insulating and not gatable prior to ligand exchange. The gatable behavior of the as-deposited CISeS QDs supports our earlier assertion that native defects inherent to these quaternary materials can serve as electron donors or acceptors. Due to this self-doping effect, the Fermi level shifts closer to high-mobility band-edge states, which helps access them by applying gate bias. In this specific case, the observed p-channel transport can be ascribed to, for example, metal vacancies and antisite Cu In ′′ defects After ligand exchange with EDT, the film mobility increases to μ h,lin = 1.65 × 10
; (Figure 3c , gold-contact FET), which is likely a direct result of decreased inter-QD spacing. 11 At the same time, we observe a weakened modulation by V GS , suggesting an increase in hole concentration caused likely by the increase in QD density, which translates into increased dopant concentration (by volume) even if the per-dot number of dopants remain constant. Specifically, based on the dimensions of our QDs and the lengths of the original (oleylamine and DDT) and final (EDT) ligands, the dot concentration can in principle increase by a factor of >1.5 following surface treatment with EDT. Additionally, the increased hole density can be a result of the doping effect of EDT, which is known to impart ptype behavior in PbE QD films. 42, 43 Our observations for the CISeS-QD FETs with gold contacts are in agreement with the results of ref 19 for similar devices, which also revealed p-type conductance in both as-prepared and EDT-treated films.
It was previously shown that the use of indium source and drain electrodes, followed by thermal annealing after EDTligand exchange, leads to devices that exhibit nondegenerate ntype transport. 19 Accordingly, we apply indium contacts to a wafer, then spin-coat QDs and after that, treat the QD film with EDT. Afterward, we anneal the complete device at 250°C for 2 h. Figure 3d shows a top-view scanning electron microscopy (SEM) image of the device channel (QDs with f Se = 0.8) along with a compositional profile obtained using energy-dispersive Xray spectroscopy (EDS) before (red squares) and after (blue circles) heat treatment. Before annealing, the average In content (as a fraction of the total number of cations, Cu+In) is 52%, which is in agreement with the ICP-OES results for the QDs themselves. However, the In content increases to 65% after annealing, which indicates the diffusion of In throughout the entire device channel. This does not significantly affect the optical absorption of the QD films, and specifically, does not alter the position of the band-edge feature used to quantify the QD band gap ( Figure S4 ). This suggests that the annealing procedures do not lead to sintering of the CISeS particles, which thus preserve their quantum-confined nature.
As seen in the representative output and transfer (I DS versus V GS ) characteristics (panels e and f of Figure 3 , respectively), thermally annealed, In-contact-based QD-FETs show wellmodulated n-type transport with μ e,lin = 4.27 × 10 −3 cm 2 V −1 s −1 . The indium-contact annealed devices exhibit a considerable improvement in the ON/OFF current ratio (I on /I off ≈ 10; Figure  3f ) compared with the p-type gold-contact based FETs (I on /I off ≈ 3; Figure S5 ). We interpret the switch from p-to n-type conductance as being due to thermal diffusion of In into the QD solid, resulting in the removal of acceptor-type metal-vacancies and/or formation of In-related defects (In Cu •• or In i ••• ) acting as donor states. 23, 24 For example, as was suggested earlier, a possible source of p-doping in as-prepared QDs as well as EDTtreated dots is copper vacancies that trap electrons from the VB leading to generation of VB holes. During annealing in the presence of metallic indium, indium atoms can fill copper vacancies by losing three electrons, one of which reduces the VB hole, while two others are released into the CB. The net result of films. In this model, carriers are transported via two thermally coupled states. A higher-mobility state is ascribed to the intrinsic CB (n-type) or VB (p-type) levels (blue) and the lower mobility state to the native donor (n-type) or acceptor (p-type) defects (red). In thermal equilibrium, the relative occupancies of these states and the resulting apparent mobility are defined by the f Se -dependent interstate energy gap (ΔE e or ΔE h ) and temperature according to eq 3. (c) Temperature-dependent electron mobility measured in the linear regime for the n-type CuInSe 1.6 S 0.4 QD film (h = 5.5 nm) (symbols) along with a fit (line) using the two-state conductance mode. The ΔE e energy produced by this fit (16.9 meV) is virtually identical to that obtained from the room-temperature f Se -dependent measurements (17 meV; the inset of panel a). these processes is the transport polarity switching from p-to ntype.
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Charge-Transport Model. Examination of p-and nchannel devices based on QDs with a varied Se fraction indicates a dramatic effect of f Se on transport characteristics, and in particular, carrier mobilities. Figure S6 shows output characteristics of the n-type FETs (indium contacts, annealed) made of QDs with f Se = 0, 0.25, 0.5, 0.6, and 0.7. Electron mobilities derived from these measurements along with the data point for the f Se = 0.8 device (Figure 3e ) are plotted in Figure 4a (blue solid circles). These data reveal a dramatic, three-ordersof-magnitude increase in mobility as f Se changes from 0 to 0.8. To explain this observation, we propose a two-state conductance model, wherein carrier transport occurs via two distinct states with drastically different mobilities that are separated by an f Sedependent energy gap (Figure 4b, top) . We assume that the higher-energy state is associated with the intrinsic CB-edge level, while the lower energy state is due to a native donor-like defect. This latter state can donate electrons into the CB band via thermal excitation. Assuming Maxwell−Boltzmann statistics, we can relate electron occupancies of the CB and donor states (n CB and n D , respectively) by:
where ΔE e is the energy spacing between the CB and the donor level (the donor ionization energy), γ C,D is the ratio of the degeneracy factors of the CB (g CB ) and the donor (g D ) states (γ C,D = g CB /g D ), T is temperature, and k B is the Boltzmann constant. The intrinsic CB wave function has a considerable extent outside the dot, and as a result, the CB state is characterized by a fairly high mobility (μ CB ). However, lowerenergy defect-related states are more localized and thus have a poorer mobility (μ D ≪ μ CB ). The effective carrier mobility of this system (μ e ) can be found as a weighted average of the CBand the defect-state mobilities:
Combining eqs 1 and 2, we obtain the following expression for the T-dependent μ e :
Next, we use eq 3 to analyze electron mobility data (Figure 4a , blue circles) assuming a linear relationship between ΔE e and f Se : ΔE e = ΔE e,S -β e f Se , where ΔE e,S is the energy separations between the CB and the donor-like level for purely S-based (i.e., CIS) QDs and β e is the constant measured in units of energy. We would like to point out that the assumption of the linear dependence of ΔE e on f Se is approximate and used here because it allows for an accurate description of experimental observations in the studied range of f Se . It is likely not applicable in the case of samples with a high selenium content as for the specific values of ΔE e,S and β e obtained below it would produce a negative donor ionization energy for f Se = 1 (CISe QDs).
The saturation of μ e for f Se below 0.3 suggests that in this range of compositions, ΔE e is much greater than k B T, and hence, μ e ≈ μ D = 7.2 × 10 −6 cm 2 V −1 s −1 (based on the measured saturated value of μ e ). After quantifying μ D , we are left with four unknown parameters: μ CB , γ C,D , ΔE e,S , and β e . To find them, we solve the system of four equations obtained by substituting μ e and f Se in eq 3 with experimentally measured values. This yields γ C,D = 1.76, μ CB = 9 × 10 −3 cm 2 V −1 s −1 , ΔE e,S = 416 meV, and β e = 499 meV. The dependence of μ e on f Se calculated using these values and eq 3 is shown in Figure 4a (blue solid line), and the f Se -dependent donor-state energies are displayed in Figure 2b (orange open upward-pointing triangles). Given this analysis, a quick increase in μ e with increasing the fraction of Se in the QDs is due to the reduction in the spacing between the CB and the intragap donor-like state, which leads to the increase in the relative electron occupancy of the high-mobility band-edge state.
To corroborate this model, we have conducted temperaturedependent measurements of the output characteristics of the indium-contact CuInSe 1.6 S 0.4 QD-FETs ( Figure S7 ). The mobilities derived from this experiment exhibit a temperatureactivated behavior as shown in Figure 4c . By fitting these data to eq 3, we obtain ΔE e = 16.9 meV. This value is virtually the same as the one obtained from the f Se dependence of the electron mobility (17 meV; inset of Figure 4a ).
To study hole transport, we use EDT-treated CuInSe x S 2−x QD-FETs with Au contacts that exhibit p-type channel characteristics ( Figure S8 ). The measurements of these devices reveal a strong dependence of hole mobility (μ h ) on f Se (red open circles in Figure 4a ), which is similar to that of μ e (blue solid circles in Figure 4a ). In fact, the observed dependence can be quantitatively described by the same model as that presented by eq 3, assuming that the higher-mobility state is associated with a VB hole (mobility μ VB ), while the lower mobility state is ascribed to a native acceptor-type defect (mobility μ A ). We denote the energy separation between these states as ΔE h and the ratio of their degeneracy factors as γ V,A . Applying the twostate model, we can perfectly describe the hole-transport data in Figure 4 (red line) using the following set of parameters: γ V,A = 0.5, μ A = 4.6 × 10 −6 cm 2 V −1 s −1 , μ VB = 6.4 × 10 −3 cm 2 V −1 s −1 , ΔE h,S = 330 meV, and β h = 400 meV. As in the previous analysis of electron mobilities, we determine μ A based on the data for the low-Se-content samples (f Se < 0.4), and then find other parameters (γ V,A , μ VB , ΔE h,S , and β h ) by solving the system of four equations wherein we use four experimental data points for samples with f Se > 0.4.
The f Se -dependent acceptor-state energies obtained from this analysis are displayed in Figure 2b by yellow open downwardpointing triangles. As in the case of electron transport, a decrease in the energy spacing between the hole-donating defect and the band-edge state with increasing f Se (compare green squares and open yellow downward-pointing triangles in Figure 2b ) leads to a quick (exponential) increase in the apparent hole mobility.
Interestingly, the f Se dependence of the hole mobility closely follows that of the electron mobility. Furthermore, the μ e and μ h values for a given Se fraction are also very similar to each other. This close correspondence between electron and hole transport characteristics, while stemming from still unclear reasons (or perhaps being even accidental), is useful from the standpoint of practical applications, as a number electronic devices (e.g., inverters) require electron-and hole-transporting materials with closely matched carrier mobilities.
ALD Infilling. Previously it was shown that ALD infilling of PbSe QD films with amorphous Al 2 O 3 could boost carrier mobility and greatly improve air stability of QD samples. 44−46 To test the effect of the ALD treatment on CISeS QD FET performance, we have infilled them with alumina following published procedures. 44 A cross-sectional scanning electron microscope (SEM) image of one such In-contact device ACS Nano Figure S9 . Following alumina infilling, the QD-FET preserves its n-type polarity but shows a considerable improvement in both electron mobility (2.5 × 10 −2 cm 2 V −1 s −1 versus 4.27 × 10 −3 cm 2 V −1 s −1 before ALD) and the ON/OFF current ratio (∼100 versus ∼ 10 before ALD); compare Figures 3f and 5a ,b. Furthermore, we observe an inversion in the sign of the threshold voltage (V th ) and a considerable reduction in its absolute value (V th = 0.2 V for the ALD-treated device versus −14.5 V before the treatment; V DS = 20 V). These results indicate that the ALD procedure enhances the QD film charge transport characteristics in the manner similar to that previously observed for PbSe QD solids. 44, 45 One likely effect of ALD infilling is to passivate surface defect states that lie within the QD band gap, which enhances the carrier mobility by eliminating traps and thereby decreases the average activation energy for carrier transport within the film. In addition, ALD infilling can, in principle, introduce electronic states in the interdot space, which would facilitate dot-to-dot transport if the states' energies are close to the QD band-edge levels. The transport-assisting states can be associated with, for example, intragap defects in alumina and/or an interfacial layer produced by a chemical reaction of Al 2 O 3 precursors with the QD surface ligands.
Passivation of QD surface defects due to the ALD procedure also allows for a more complete depletion of a conducting channel under the condition of a lowered Fermi level. This leads to the reduced OFF-current (and hence the improved ON/OFF current ratio) and a considerable reduction of |V th |. The ALDtreated devices also exhibit enhanced air stability compared with noninfilled FETs. The ALD-infilled devices maintain their charge-transport characteristics for at least 7 days under ambient conditions ( Figure S10 ), which is a considerable improvement versus noninfilled FETs that under similar conditions remain stable only for a few minutes.
The ALD infilling also improves the performance of Aucontact QD-FETs ( Figure S11 ). These devices are originally ptype, and interestingly, they maintain their p-type characteristics following the ALD procedure. This represents a notable departure from the case of Na 2 S-treated PbSe QD films, in which Al 2 O 3 infilling changes the polarity of PbSe QD-FETs (from degenerate p-type to well-modulated ambipolar), presumably due to passivation of sulfide acceptor states on the QD surfaces. 44 This again suggests that the p-type transport polarity of CISeS QD films is not due to surface defects but is instead due to internal acceptor-type states. While not changing transport polarity or the degenerate character of p-doping, the ALD treatment boosts hole mobility to 1.55 × 10 −2 cm 2 /(V s), which is almost a 10-fold improvement compared with non-ALD devices.
CONCLUSIONS
To summarize, we have studied charge-transport characteristics of CISeS QDs incorporated into FETs as a function of a varied anion composition (Se/S ratio), identity of surface ligands, and device type (gold versus indium source and drain contacts). Gold-contact FETs made of as-fabricated CISeS QDs with long native ligands exhibit degenerate p-type transport due to native acceptor-like defects such as metal vacancies and/or antisite defects (Cu 1+ on an In 3+ site). The transport polarity is not altered by either ligand exchange or ALD infilling, supporting the assessment that the p-type doping is not due to surface states but rather native defects lattice defects. The transport type can be switched to nondegenerate n-type by thermal diffusion of indium throughout the conductive channel realized via thermal annealing of indium-contact FETs. This change in transport characteristics likely occurs due to formation of donor-type In Cu
•• or In i ••• defects. The electron and hole mobilities of CISeS QD films show a dramatic, orders-of-magnitude increase with increasing the Se/(Se+S) ratio f Se . To explain this behavior, we propose a two-state transport model wherein charge conductance involves two thermally coupled states with strongly different (by ca. a factor of 10 3 ) mobilities separated by the f Sedependent energy gap (ΔE e and ΔE h ). The higher-energy, higher-mobility state is ascribed to the intrinsic QD CB-or VBedge levels, while the lower-energy, lower-mobility states are associated with native donor (n-type films) or acceptor (p-type films) defects. The increase in the fraction of Se leads to a reduction of ΔE e and ΔE h , which increases the occupancy of higher mobility intrinsic band-edge levels and produces the increase in the apparent carrier mobility. We also demonstrate that transport characteristics and environmental stability of both p-and n-type films can be enhanced via Al 2 O 3 ALD infilling without altering the transport polarity. The overall conclusion of these studies is that CuInSe x S 2−x QD films represent a viable, environmentally friendly alternative to films based on Pb-and Cd-containing QDs for applications in solution-processable electronic and optoelectronic devices. 3 were dissolved in 5 mL of DDT and 1 mL of OLAm in a 50 mL round-bottom flask, and the mixture was degassed under vacuum at 100°C for 30 min. Separately, a solution of 1 M Se-OLAm/ DDT was prepared by dissolving 1.58 g Se powder in mixture of 15 mL of OLAm and 5 mL of DDT at room temperature in a N 2 glovebox. The temperature of the reactants was raised to 140°C until all solid precursors were fully dissolved, which usually took less than 10 min. Then, the temperature was raised to 170°C and 1 M Se-OLAm/DDT (0.5 mL for CuInSe 0.5 S 1.5 , 1 mL for CuInSe 1.0 S 1.0 , 1.3 mL for CuInSe 1.2 S 0.8 , 1.7 mL for CuInSe 1.4 S 0.6 , and 2 mL for CuInSe 1.6 S 0.4 QDs) was added dropwise such that the temperature of the reaction mixture did not vary by more than 3°C. For nucleation and growth, temperature was set to 230°C for 60 min. The heating element was then removed, and the QDs were allowed to cool. For synthesizing CuInS 2 QDs, the injection of the Se precursor was skipped, and the temperature was raised to 230°C. The fabricated QDs were purified by iterative dissolution in chloroform and precipitation with methanol and then size-selected by centrifugation at 8000 rpm for 5 min. The resulting QDs were stored in octane under an N 2 atmosphere.
METHODS AND EXPERIMENTAL
Fabrication of CuInSe x S 2−x QD-FETs. A heavily p-doped silicon wafer with a thermally grown silicon oxide (300 nm thickness) was sonicated in DI water (5 min), acetone (5 min), and isopropanol (5 min), then immersed in the MPTS solution (5% in IPA) and held there for 16 h. The MPTS-treated substrates were rinsed with toluene and then sonicated in IPA for 5 min. Metal (Au for p-type and In for n-type) source and drain bottom contacts (3 mm channel width and 100 μm channel length) were deposited by thermal evaporation (deposition rate of 1 Å s −1 ) through a shadow mask to achieve a 100 nm thickness. CuInSe x S 2−x QDs dissolved in octane (concentration of ∼20 mg/mL) were spin-coated onto the prepatterned substrate at 1200 rpm. The film was then heated to 150°C for 10 min in a N 2 glovebox to evaporate the residual solvent. For the EDT treatment, the QD film was immersed in a 1% (by volume) solution of EDT in ACN for 2 min, followed by rinsing with ACN. These QD deposition and ligand-exchange steps were repeated 3 times to yield a total thickness of the QD film of 100 nm. The fabrication of p-type FETs was completed by annealing the devices at 100°C for 30 min in an N 2 -filled glovebox to remove any organic residuals. To achieve n-type transport polarity, the fabricated indiumcontact FETs were annealed at 250°C for 2 h in an N 2 -filled glovebox to facilitate indium diffusion throughout the QD film. For avoiding any deleterious chemical reactions involving oxygen, the O 2 content in the glovebox was thoroughly controlled to ensure it was below 0.1 ppm.
Amorphous Al 2 O 3 was deposited in a homemade, cold-wall, traveling-wave ALD system in a glovebox using trimethylaluminum and water as precursors. The substrate temperature was 75°C and the operating pressure was ∼0.1 Torr. The pulse and the purge times were 40 ms and 90−120 s, respectively. With these parameters, the preparation of a 20 nm ALD film required ∼10 h.
Characterization. TEM images were recorded using a JEOL 2010 TEM equipped with a SC1000 ORIUS CCD camera operating at 120 kV. A top-view SEM and energy-dispersive X-ray spectroscopy (EDS) measurements of CuInSe x S 2−x QD-FETs were performed using a JEOL JSM-IT100 TEM. Cross-sectional SEM studies of ALD-infilled films were conducted on a FEI Magellan 400 XHR SEM. The crystal structure of the QDs was examined by high-resolution X-ray diffraction (Bede D1 System) with the CuKa X-ray source (1.54 Å wavelength) operating at 40 kV and 40 mA. Optical absorption spectra were recorded using a UV−vis−near-infrared (NIR) spectrophotometer (Lambda 950, PerkinElmer). NIR PL spectra were collected using a custom-built apparatus composed of a mechanically chopped 808 nm laser, a grating monochromator, and a liquid N 2 -cooled InSb detector coupled to a lock-in amplifier. Elemental analysis was carried out using a Shimadzu ICPE-9000 inductively coupled plasma optical emission spectrometer.
FET characterization was conducted in an N 2 -filled glovebox at room temperature using a semiconductor device parameter analyzer (B1500A, Agilent). The probes were placed on top of FET electrodes using a direct current probe positioner.
TA spectra and dynamics were measured in a standard pump−probe configuration using a LabView-controlled home-build setup. The measurements were conducted using 515 nm, 200 fs pump pulses at a 500 Hz repetition rate (second harmonic output of an amplified Yb:KGW laser, Light Conversion Pharos) and a broad-band, whitelight supercontinuum probe. The excited-spot diameter was ∼200 μm at the 1/e 2 level, and the excitation flux was (1.5−9) × 10 14 photons per square centimeter per second, which corresponded to an average perdot excitonic occupancy of 0.02−0.1. All measurements were conducted under oxygen-free and moisture-free conditions using airtight quartz cuvettes with vigorous stirring of the sample to minimize photocharging. Samples were prepared in an inert atmosphere in a glovebox.
For electrochemical analyses, an indium tin oxide coated glass slide was used as a working electrode, platinum wire as a counter electrode, and a silver wire as a pseudoreference electrode. CuInSe x S 2−x QDs were diluted to 5 mg/mL in air-free chloroform in a N 2 glovebox. A total of 0.1 M of TBAClO 4 was weighed in the glovebox before adding to the QD solution. The QDs:TBAClO 4 molar ratio was ca. 1:5 so that the electrolyte salt could effectively passivate the QD surface. Cyclic voltammetry (CV) measurements were conducted by loading a QD/ electrolyte solution into a quartz cuvette and placing inside it electrodes connected to a computer-controlled potentiostat (CH Instruments). The cuvette was masked with a black tape to eliminate exposure to ambient light. The scan rate was 0.1 V s
